The spatial organization of the genome is enigmatic. Direct evidence of physical contacts between chromosomes and their visualization at nanoscale resolution has been limited. We used superresolution microscopy to demonstrate that ribosomal DNA (rDNA) can form linkages between chromosomes. We observed rDNA linkages in many different human cell types and demonstrated their resolution in anaphase. rDNA linkages are coated by the transcription factor UBF and their formation depends on UBF, indicating that they regularly occur between transcriptionally active loci. Overexpression of c-Myc increases rDNA transcription and the frequency of rDNA linkages, further suggesting that their formation depends on active transcription. Linkages persist in the absence of cohesion, but inhibition of topoisomerase II prevents their resolution in anaphase. We propose that linkages are topological intertwines occurring between transcriptionally active rDNA loci spatially colocated in the same nucleolar compartment. Our findings suggest that active DNA loci engage in physical interchromosomal connections that are an integral and pervasive feature of genome organization.
Introduction
The human genome is packaged into 23 pairs of chromosomes that occupy distinct territories in the nucleus and can form interchromosomal contacts (Cremer et al., 1993; Bolzer et al., 2005; Meaburn and Misteli, 2007) . Contacts between chromosomes may provide a structural basis for long-range genetic interactions (Spilianakis and Flavell, 2004; Williams et al., 2010; Kim et al., 2014) . A recent study using labeling of specific genomic locations by CRISPR/Cas9 in combination with Hi-C concluded that interchromosomal interactions may be as common as intrachromosomal interactions (Maass et al., 2018) . While interchromosomal associations exist in interphase nuclei, the nature of these associations is unknown, as is the mode of resolution during mitosis.
The 45S ribosomal DNA (rDNA) genes present a potential paradigm of interchromosomal interactions because they are present on multiple chromosomes that regularly associate together in interphase nuclei to form the nucleolus (McStay, 2016) . 45S genes in the human genome are present in several hundred nearly identical copies (Scherer, 2008) ; their actual number varies among individuals (Gibbons et al., 2015; Xu et al., 2017a) . They are organized in tandem repeats that are partitioned among the short arms of five acrocentric chromosome pairs: 13, 14, 15, 21, and 22 (Henderson et al., 1972 ; Fig. 1 A) . Each rDNA repeat unit consists of the coding region producing the transcript to be processed into 28S, 5.8S, and 18S rRNAs and a long noncoding intergenic spacer (Fig. 1 B) .
Pioneering cytogenetic studies of human chromosomal spreads from peripheral blood samples demonstrated "satellite associations" between the short arms of acrocentric chromosomes (Ferguson-Smith and Handmaker, 1961; Zhdanova, 1972; Jacobs et al., 1976; Ardito et al., 1978) . These barely visible connections were distinct from Robertsonian translocations because chromosomes clearly remained separated, could be positioned at an angle, and occasionally formed triple and even quadruple associations, described as "acrobats holding hands" (Ferguson-Smith and Handmaker, 1961) . Subsequent studies identified changes in the number of satellite associations under many different pathological conditions (Frolov et al., 1975; Hansson, 1979; Lezhava, 1979; Yasseen and Al-Musawi, 2001; Caradonna, 2015) . That said, the presence of acrocentric associations per se did not seem to be pathological, because they were always present in controls too. Moreover, acrocentric associations in chromosomal spreads Figure 1 . SIM revealed rDNA linkages between acrocentric human chromosomes. (A) Normal human karyotype with highlighted acrocentric chromosomes 13, 14, 15, 21, and 22 bearing rDNA loci on their short arms, provided courtesy of Karen Miga (Genomics Institute, University of California Santa Cruz, Santa Cruz, CA) and Amalia Dutra (Cytogenetic and Microscopy Core, National Human Genome Research Institute, National Institutes of Health, Bethesda, MD). (B) Schematic representation of rDNA repeat units and coverage of rDNA probes used in this study. In the human karyotype, rDNA genes are arranged as repeats on the short arms of the acrocentric chromosomes between centromeres and telomeres, flanked by proximal and distal junctions (PJ and DJ) . Each unit consists of a coding region (encoding pre-mRNA for 18S, 5.8S, and 28S ribosomal RNA subunits) and intergenic spacer. Boundaries of the coding region contain external transcribed spacers (59ETS and 39ETS), and coding parts of the 45S sequence are separated by internal transcribed spacers (ITS1 and ITS2). The human rDNA probe used in this study was derived from BAC clone RP11-450E20 and spans the intergenic spacer and the transcription initiation site of the next repeat. The mouse rDNA probe was derived from BAC clone RP23-225M6, spanning the end of the coding part and the intergenic spacer. (C) Wide-field illumination (WF) and SIM images of mitotic chromosome spread from 184FMY2 HMEC cell labeled by FISH with rDNA probe (green) and CenB probe (red). Arrows 1-3 point to acrocentric chromosomal rDNA associations. Panels on the right show individual acrocentric chromosomes: six large rDNA chromosomes and four from chimpanzee leukocytes were also observed (Ardito et al., 1973) . Despite these exciting early findings, the physical nature of these associations has remained entirely unknown.
We used structural illumination superresolution microscopy (SIM; Gustafsson, 2000; Heintzmann and Huser, 2017) to demonstrate that rDNA can form inter-and intrachromosomal connections, or linkages. We speculate that they form in the nucleolus during interphase as a consequence of rDNA transcription. We suggest that rDNA linkages may be DNA catenations because their formation and resolution depend on the activity of topoisomerase II. Our findings indicate that active transcription can generate physical interchromosomal connections at specific genomic regions. These connections are a reproducible and modulable feature of genome organization.
Results
Linkages between rDNA regions of acrocentric chromosomes are ubiquitous in human cells We used conventional microscopy and SIM to study chromatin organization of the rDNA. rDNA repeats were directly labeled by FISH using rDNA probes labeled with fluorescent dyes. In the course of this study, we examined rDNA in multiple human, mouse, and human-mouse hybrid cell lines. The human rDNA probe was generated from a BAC clone spanning the rDNA repeat sequence from intergenic spacer to the origin of transcription of the next repeat unit. The mouse rDNA probe spanned the end of the coding region and a large part of the intergenic spacer (Fig. 1 B) .
Initially, we examined a panel of isogenic human mammary epithelial cells (HMECs) immortalized following exposure to a chemical carcinogen and/or by transduction of oncogenes, or by expression of human telomerase (Stampfer and Bartley, 1985; Stampfer et al., 2001 Stampfer et al., , 2003 Garbe et al., 2014) . Chromosome spreads from HMECs imaged by wide-field microscopy revealed physical connections between acrocentric chromosomes at the rDNA loci ( Fig. 1 C, left panel, arrows 1-3) . The frequency of these connections was particularly high in the HMEC line 184FMY2 (Fig. 1 D) that was immortalized following transduction of normal HMECs with c-Myc (Garbe et al., 2014; Lee et al., 2015) . Superresolution imaging revealed that these associations are composed of thin threadlike filaments ( Fig. 1 C, middle panel, arrows 1-3). Panels on the right show wide-field and SIM images of the 10 individual acrocentric chromosomes present in this chromosomal spread. In interphase nuclei from 184FMY2 HMECs, most of the rDNA was decondensed, extending continuous long fibers that organize the nucleolus (Fig. 1 E) .
A magnified view of individual linkages (Fig. 1 F) shows that rDNA connections were not chromosome fusions or Robertsonian translocations: first, rDNA chromosomes often appeared to be joined at an angle or laterally, and second, these connections were not stained prominently with classic fluorescent DNA dyes such as DAPI or Hoechst 33342. Linkages were only unambiguously detected by rDNA FISH labeling. While wide-field images accurately detected rDNA associations, SIM images revealed a network of fine filaments between sister chromatids (intrachromosomal linkages) and between different acrocentric chromosomes (interchromosomal linkages).
To ensure that linkages were not reconstruction artifacts of SIM data, several quality control measures were undertaken. First, the data quality was evaluated using SIMcheck (Ball et al., 2015) . Imaging data passed all listed criteria such as modulation contrast-to-noise ratio, reconstructed Fourier plot, channel intensity variation, spherical aberration mismatch, and reconstructed intensity histogram (Fig. S1 A) . Second, the fidelity of image reconstruction was tested by imaging chromosomes hybridized to the rDNA probe labeled with two fluorophores with nonoverlapping excitation and emission properties: fluorescein (green) and ROX (red). Reconstructed SIM images of green and red labels showed the same structures in both channels (Fig. S1 B) . Spatial Pearson cross-correlation analysis of green and red images indicated strong spatially dependent colocalization (Fig. S1 C) . Third, rDNA linkages were imaged using an independent superresolution technique, stimulated emission depletion (STED) microscopy (Hell and Wichmann, 1994; Müller et al., 2012) . STED imaging showed linkages similar to those shown by SIM (Fig. S1 D) .
Interchromosomal linkages can connect large and small acrocentric chromosomes that are obviously heterologous. Most frequently, linkages were formed between two chromosomes, but they occasionally connected three chromosomes or more. Further examination of multiple different human cell lines (RPE1, chondrocyte , HCT116, LoVo, NCI-H209, and primary human lymphocytes) showed that rDNA linkages were present in chromosomal spreads from all cell cultures, and any rDNA chromosome can be connected to any other. Surveying rDNA linkages in normal human cell lines, we examined primary human foreskin fibroblast cell line (HFF-1) and induced pluripotent stem cells (iPSCs) DYS0100 that were derived from HFF-1 (Wren et al., 2015) . Human iPS cells displayed interchromosomal rDNA connections with higher frequency than their precursor HFF1 fibroblasts (Fig. 2, A and B) . Stem cells are known to have a high rate of rRNA synthesis and ribosomal biogenesis (Watanabe-Susaki et al., 2014) . We measured levels of nascent rRNA transcripts by quantitative PCR (qPCR), using three primer sets to the 59 externally transcribed spacer (59ETS) region of the pre-rRNA that is not retained after rRNA processing. The higher number of rDNA linkages in iPSC positively correlated with the increased levels of nascent transcription (Fig. 2 C) . Together with previous reports of acrocentric associations, our data indicate that linkages between rDNA loci may be a ubiquitous feature of human chromosomes.
In the human genome, 45S genes are positioned on the short arms of acrocentric chromosomes between centromeres and telomeres, separated from telomeres by only a relatively short sequence called the distal junction (Fig. 1 B; Floutsakou et al., 2013) . Immortal cell lines in culture often have short telomeres that may be difficult to detect by FISH. Expression of a dominant-negative mutant allele of the telomere protein TRF2 in human fibrosarcoma HT1080 cell line caused an increase in a number of rDNA connections, interpreted by the authors as prefusogenic (Stimpson et al., 2014) . To examine telomere integrity in the context of rDNA linkages, we obtained chromosomal spreads from primary human male lymphocytes and labeled them by FISH with rDNA and telomere probes. rDNA linkages in primary lymphocytes were not very frequent, but they clearly coexisted with intact telomeres, indicating that rDNA linkages were not telomere fusions (Fig. S2 A) . Moreover, RNase A did not destroy rDNA linkages (Fig. S2 B) , indicating that linked loci are not held together by RNA.
In contrast to human chromosomes, mouse chromosomes are telocentric and mouse rDNA loci are located distally from centromeres, isolated from telomeres by centromeric heterochromatin (Cazaux et al., 2011) . In chromosomal spreads from mouse cell lines, rDNA linkages were infrequent. However, we observed rDNA linkages in chromosomal spreads from mouse stem cells (Fig. S2 C) . Like human linkages, mouse linkages consisted of thin threads that were not labeled with DAPI. The "telomerecentromere-rDNA" arrangement of mouse chromosomes means rDNA linkages cannot be telomere fusions.
c-Myc promotes formation of rDNA linkages c-Myc regulates several key steps in ribosomal biogenesis, including transcription and processing of ribosomal RNA (van Riggelen et al., 2010) . c-Myc binds to rDNA directly and accelerates transcription of 45S genes (Grandori et al., 2005) . The increased incidence of linkages in 184FMY2 prompted us to The expression of pre-rRNA was normalized to the expression of GAPDH mRNA. Bar heights represent an average fold change of three primer sets to the 59ETS; error bars represent SD. Statistical significance was evaluated using t test; **, P < 0.001.
investigate the role of c-Myc in linkage formation. For this, we transduced the human hTERT-immortalized RPE1 cell line with c-Myc containing lentivirus and selected four isogenic singlecell clones overexpressing c-Myc, designated cMyc 1-4 (Fig. 3 A) .
The parental RPE1 cell line has 46-47 chromosomes, with nine chromosomes bearing 45S genes in most cells (Fig. S3, A and B). In this cell line, one rDNA locus on one of the small acrocentric chromosomes (likely chromosome 22) is absent. Some RPE1 cells contained 47 chromosomes because they tend to gain an extra copy of chromosome 12 with passages (Potapova et al., 2016) . c-Myc-overexpressing RPE1 derivatives stably maintain a diploid karyotype, with the same number of rDNA chromosomes (Fig. S3 A) . One of the derivatives (cMyc-3) lost a copy of chromosome X (Fig. S3 B) , which is a frequent karyotypic alteration in cell culture (Xu et al., 2017b) .
Linkages were increased in all four c-Myc-overexpressing clones (Fig. 3 B) , while repeat copy number was not significantly changed (Fig. S3 C) . Immunofluorescence labeling for one of the key nucleolar components, nucleolin (Tajrishi et al., 2011) , showed that c-Myc-overexpressing cells exhibited prominent nucleoli (Fig. 3 C) . Nucleoli in c-Myc RPE1 derivatives were larger than in the parental RPE1 (Fig. 3 D) , but their number was reduced (Fig. 3 E) . Although the distribution of the chromatin-associated Ki67 proliferation marker reflects the enlarged nucleolar size in c-Myc derivatives, its average intensity in the nucleus was in the same range as in the parental cell line (Fig. S3 D) .
Next, we measured the effect of c-Myc overexpression on rRNA synthesis by incorporation of 5-ethynyluridine (5-EU) into nascent RNA (Jao and Salic, 2008) . Ribosomal RNA can account for >80% of the total cellular RNA (Palazzo and Lee, 2015) ; therefore, this method reflects the rate of production of ribosomal RNA. All c-Myc-overexpressing RPE1 derivatives demonstrated increased rRNA transcription (Fig. 3 F) . To further validate the increased rRNA transcription, we measured the expression of preprocessed rRNA by qPCR. These measurements confirmed that the c-Myc-overexpressing cells had significantly higher levels of nascent rRNA synthesis than the parental RPE1 cell line (Fig. 3 G) . Therefore, c-Myc overexpression leads to increased nucleolar size and coalescence, high level of rRNA transcription, and frequent linkages between rDNA chromosomes. Overall, c-Myc-overexpressing cells as well as the iPSCs demonstrate a positive correlation between an increased rate of rDNA transcription and an elevated frequency of rDNA linkages.
The rDNA transcription factor upstream binding factor (UBF) is required for the formation of rDNA linkages To search for genes influencing the formation of rDNA linkages, a small library of siRNAs was used to knock down candidate genes involved in chromatin architecture and modifications, DNA replication and repair, rDNA transcription and ribosome biogenesis, and other processes (Fig. 4 A) . c-Myc-overexpressing RPE1 derivative cells (cMyc-3), which have a high frequency of rDNA linkages, were arrested in mitosis 72 h after siRNA transfection, and if the gene knockdown did not prevent mitotic entry, chromosomal spreads were collected and labeled by FISH with the rDNA probe. The only hit in this library that abolished rDNA linkages was the siRNA against the UBTF gene, which encodes the rDNA transcription factor UBF.
UBF is a transcription factor that binds active rDNA repeats and is necessary for rDNA transcription (Sanij et al., 2008; Sanij and Hannan, 2009) . In UBF knockdown, the frequency of mitotic cells was low, indicating that cell proliferation was suppressed but not abolished. However, in most of the chromosomal spreads collected, rDNA linkages were nearly absent (Fig. 4 B) . This finding was replicated in all four c-Myc-overexpressing RPE1 derivatives: UBF knockdown greatly reduced the frequency of rDNA linkages, more so than the knockdown of c-Myc (Fig. 4 C) . Knockdown of UBF also abolished linkages in the parental RPE1 line. Western blot analysis confirmed the strong knockdown of both c-Myc and UBF proteins in these experiments (Fig. 4 D) . Therefore, the rDNA transcription factor UBF is required for the formation of interchromosomal rDNA linkages. A previous study showed that "satellite associations" required the promoter region of the rDNA repeat, consistent with the idea that associations depend on transcriptional activity (McDowell et al., 1994) . However, our efforts to test whether pharmacological inhibitors of transcription affect the frequency of rDNA linkages in mitotic chromosomal spreads failed because these drugs prevented mitotic entry.
UBF binds to rDNA arrays during interphase and mitosis (Roussel et al., 1993; O'Sullivan et al., 2002; Mais et al., 2005) . Immuno-FISH labeling of UBF together with rDNA in mitotic RPE1 cells showed that UBF stays associated with the rDNA as it condenses and forms distinct loci during mitotic entry and segregates to two daughter cells during mitotic exit (Fig. 5 A) . Immuno-FISH labeling of UBF and rDNA in RPE1 cells showed that in this cell line, all nine rDNA chromosomes are positive for UBF (Fig. 5 B) . Importantly, rDNA linkages that connect acrocentric chromosomes also contain UBF (Fig. 5 B, magnified inset). Superresolution imaging showed that UBF together with rDNA forms a network of thin fibers connecting different acrocentric chromosomes (Fig. 5 C) . UBF and rDNA were clearly part of the same structure, yet they did not colocalize precisely, since UBF localizes primarily to the coding part of the rDNA gene (Zentner et al., 2011; Herdman et al., 2017; Mars et al., 2018) , while rDNA probes used in this study cover the noncoding part of the gene (Fig. 1 B) .
Silent rDNA loci may not form linkages UBF marks transcriptionally active rDNA repeats and controls the number of actively transcribed ribosomal RNA genes in the cell (Sanij et al., 2008) . Therefore, we asked if the UBF-dependent transcriptional activity in the nucleolar compartment was underlying the ability of rDNA to form interchromosomal linkages. We addressed this question by evaluating linkage formation between active versus silent rDNA loci present in the same cell. For this, we used two experimental systems: mouse-human hybrid cells in which human rDNA is silenced by nucleolar dominance, and tetraploid human cells in which one to six rDNA loci are silenced.
Nucleolar dominance is a well-described phenomenon observed in interspecies hybrid cells and organisms in which rDNA from only one species is transcriptionally active and rDNA from (Tucker et al., 2010) We tested several somatic monochromosomal mouse-human hybrids that carried specific human rDNA chromosomes (chromosomes 21 and 22) in the mouse karyotypic background. As expected, human rDNA loci in these hybrids did not contain UBF, and rDNA linkages between human and mouse chromosomes were not observed. However, the copy number of human chromosomes in these cells was low, often one per cell, which would quantitatively limit the availability of human rDNA to contact other rDNA repeats. Because of this, we obtained a multichromosomal somatic human-mouse hybrid cell line GM15292 that contained several human rDNA chromosomes. GM15292 cell line was constructed by fusing human fibroblasts with mouse RAG cells (Vortkamp et al., 1991) . This cell line is hyperploid, with chromosomal spreads containing anywhere from 70 to >100 chromosomes. While the majority of chromosomes in its karyotype are derived from mouse, it contains multiple human chromosomes including rDNA chromosomes, with the number varying from cell to cell. We made mitotic spreads from this cell line and labeled them by immuno-FISH with human and mouse rDNA probes marked with different fluorophores and UBF antibody, which recognizes both species. Human and mouse FISH probes derived from the least conserved noncoding parts of the rDNA repeat ( Fig. 1 B) allowed us to distinguish mouse and human rDNA loci unambiguously.
10 chromosomal spreads examined from this hybrid cell line contained 21-34 mouse rDNA chromosomes and 1-5 human rDNA chromosomes (Fig. 6 A, left and bottom panels; and Table  S1 ). Morphological abnormalities of mouse chromosomes such as Robertsonian fusions and mispositioned rDNA loci were present in this cell line, yet regardless of localization, 53-71% of mouse rDNA loci were active (UBF positive) and 29-47% were silent (UBF negative). All human rDNA chromosomes were UBF negative-in other words, silent ( Fig. 6 A, middle panel). rDNA linkages between mouse chromosomes were generally infrequent, but in total, nine linkages were found between 175 UBFpositive, active mouse loci (one linkage per 19.4 loci on average). Importantly, all rDNA linkages occurred between mouse loci that contained UBF (Fig. 6 A, right panel), whereas zero linkages occurred between 134 mouse UBF-negative (silent) loci (Fisher's exact P < 0.01). Human rDNA loci, all of which were UBF negative, did not have linkages in any spreads examined (zero linkages between the total of 28 human rDNA loci, not statistically significant by Fisher's exact test).
In interphase, immuno-FISH with probes for human and mouse rDNA and antibody to nucleolar marker nucleolin revealed that on average 70% of the mouse rDNA area overlapped with nucleolin, indicating a high level of colocalization between mouse rDNA and a nucleolar marker. In contrast, human rDNA loci showed a compact morphology and only 20% overlap with nucleolin, indicating that the silent human rDNA loci tend to be excluded from the nucleolus (Fig. 6 , B and C). Together with the UBF analysis, these data suggest that in this mouse-human hybrid cell line, rDNA linkages form preferentially between active mouse loci within nucleoli. Since associations between silent, UBF-negative nonnucleolar human rDNA loci were not observed, we reasoned that rDNA linkages occur primarily between active rDNA regions located inside the nucleolus.
To further test this idea, we used our unexpected observation that in tetraploid cell lines a small proportion of rDNA loci can be silenced. rDNA silencing is a mechanism of rRNA gene dosage control that also takes place in nonhybrids, reducing the number of active rRNA genes to match the cellular requirement for ribosome production (Grummt and Pikaard, 2003; McStay and Grummt, 2008) . Previously, we derived several stably tetraploid single-cell clones from hTERT-immortalized RPE1 and CHON-002 cell lines (Potapova et al., 2016) . In parental diploid RPE1 and tetraploid RPE1 cell lines, all rDNA loci contained UBF. In parental diploid CHON-002 cells, all rDNA loci were UBF positive in 5 of 10 examined chromosomal spreads, and the rest of the spreads contained one inactive rDNA locus. However, in two adapted clonal tetraploids derived from CHON-002 (designated CHON tetraploid-1 and CHON tetraploid-2), the number of UBF-positive active rDNA loci was variable but lower than the total number of rDNA loci in all chromosomal spreads examined ( Fig. 7 A and Table S2 ). The tetraploid DNA content in these cells was stable (Fig. 7 B ). An ordinary chromosomal spread from the parental diploid CHON-002 cell line contained 10 acrocentric UBF-positive rDNA chromosomes (Fig. 7 C, left) . However, chromosomal spreads from tetraploid CHON derivatives consistently showed multiple rDNA chromosomes lacking UBF (Fig. 7 C, right; and Fig. S4 A) . Overall, in all examined diploid and tetraploid spreads from CHON cells, 37 rDNA linkages were detected between 421 active, UBF-positive rDNA loci and zero rDNA linkages were detected between 72 inactive, UBF-negative rDNA loci (Fisher's exact P < 0.01). Consistent with observations in the mouse-human hybrid cells, rDNA linkages in human CHON fibroblasts formed only between UBF-positive rDNA loci and were not observed among UBF-negative, silent loci.
In interphase nuclei from tetraploid CHON cells labeled by immuno-FISH with rDNA probe and antibodies to UBF and nucleolin, we observed silenced, UBF-negative rDNA loci that were compact and not incorporated in nucleoli (Fig. 7 D and Fig. S4 B) . In RPE1 cells, where all rDNA loci are active, nonnucleolar rDNA loci were not observed (Fig. S4 C) . We counted the number of rDNA spots that were completely nonoverlapping with nucleolar labeling to quantify rDNA loci not incorporated in nucleoli. The number of rDNA loci outside large fields of view (montage images) containing tens to hundreds of cells. *, P < 0.05; **, P < 0.001. Statistical significance was evaluated using one-way ANOVA with Dunnett multiple comparisons, comparing c-Myc samples to parental control. Error bars denote SD. (F) 5-EU incorporation in parental RPE1 cells and c-Myc-overexpressing single-cell clone derivatives. 5-EU-labeled RNA was detected with fluorescent azide and quantified by high-throughput imaging. Statistical significance was evaluated using one-way ANOVA with Dunnett multiple comparisons. *, P < 0.05; **, P < 0.001. (G) Real-time qPCR analysis of prerRNA expression of c-Myc-overexpressing derivatives compared with the parental RPE1 cells. The expression of pre-rRNA was normalized to the expression of GAPDH mRNA. Bar heights represent an average fold change of three primer sets to the 59ETS; error bars represent SD. Statistical significance was evaluated using t tests; **, P < 0.001.
nucleoli was significantly higher in both tetraploid cell lines compared with the parental diploid CHON-002 cells (Fig. S4  D) . This supports the idea that silent rDNA loci are not associated with the transcriptionally active rDNA in the same nuclear compartment. Therefore, tetraploid derivatives of a human diploid CHON-002 cell line showed that active rDNA loci can form interchromosomal linkages, but inactive rDNA loci in the same cell can be excluded from nucleoli and do not form rDNA linkages. Although correlative, together these results suggest that nucleolar colocalization of transcriptionally active rDNA from different chromosomes may promote the formation of interchromosomal rDNA linkages. rDNA linkages may be generated and resolved by topoisomerase II What is the fate of rDNA linkages when the cell divides? All hTERT-immortalized diploid human cell lines used in this study are karyotypically stable and maintain a consistent number of rDNA chromosomes despite consistent incidences of rDNA connections in nearly every mitotic chromosomal spread. Therefore, rDNA linkages must be resolved at some point during cell division. To track the dynamics of rDNA throughout mitotic progression, we generated RPE1 cell lines stably expressing UBF fused to eGFP. UBF tagged with eGFP localizes to rDNA loci similarly to endogenous protein and is a great rDNA marker for live-cell imaging (Dundr et al., 2002; Chen et al., 2005) . Time-lapse live imaging of unperturbed mitosis using eGFP-UBF-expressing cells showed that rDNA loci completely separated at the onset of anaphase ( Fig. 8 A and Video 1). No lagging rDNA chromosomes or UBF-containing chromatin bridges were observed during unperturbed anaphase. All rDNA loci segregated equally to daughter cells. Consistently, rDNA FISH in normally dividing cells did not show evidence of lagging rDNA loci or rDNA chromatin bridges between the daughter cells (Fig. 8 B) . To determine if interchromosomal rDNA linkages persisted between separated chromatids in anaphase, we prepared chromosomal spreads from anaphase cells and labeled rDNA by FISH (Fig. 8 C) . Enrichment for anaphase cells was done by presynchronizing cells in the G2 phase of the cell cycle with the Cdk1 inhibitor RO-3306 (Vassilev et al., 2006) , followed by release into the medium without the drug. After release, when cells were in various stages of mitosis, they were collected and swollen in hypotonic buffer followed by fixation. In this case, individual chromatids of anaphase cells were separated well enough to distinguish individual rDNA loci. rDNA formed distinct individual spots that did not show associations with one another. Together, these data imply that most inter-and intrachromosomal rDNA linkages present among metaphase chromosomes resolve at the metaphase-to-anaphase transition.
What could be the mechanism of resolution of rDNA linkages in anaphase? Two mechanisms are responsible for disengagement of sister chromatids at the metaphase-to-anaphase transition: cleavage of the cohesin subunit Rad21 by separase (Uhlmann et al., 1999; Haarhuis et al., 2014) and resolution of sister chromatid intertwines by type II topoisomerases (Gorbsky, 1994; Nitiss, 2009 ). Knocking down RAD21 by siRNA did not affect rDNA linkages: they persisted even though sister chromatids separated in mitotically arrested cells (Fig. S5 A) . This showed that rDNA linkages are maintained in the absence of cohesion and that cohesion resolution is not sufficient to resolve them. On the other hand, chemical inhibition of type II topoisomerases α and β with catalytic inhibitors (Fig. 9 A and Video 2) or dexrazoxane (Fig. S5 B and Video 3) in dividing RPE1 cells stably expressing eGFP-UBF prevented segregation of rDNA loci. Although chromosome segregation was generally compromised by topoisomerase inhibitors, rDNA tended to be trapped in the cleavage furrow (Fig. 9 B and Fig. S5 C) , suggesting that segregation of rDNA relies heavily on the function of topoisomerases.
Inhibition of topoisomerases does not prevent activation of separase and cleavage of cohesin but is known to interfere with sister chromatid segregation (Gorbsky, 1994; Ishida et al., 1994) . Topoisomerase inhibitors applied to interphase cells also cause interphase cell cycle arrest, and this precluded preparation of mitotic spreads from cells pretreated with these drugs. To examine consequences of failure to resolve rDNA linkages in anaphase, we designed an experimental strategy in which the resolution of rDNA loci was prevented by inhibiting topoisomerases only during mitotic exit. Cells were arrested in mitosis with the mitotic spindle poison colcemid, which was then washed out, and topoisomerase inhibitors ICRF-193 or dexrazoxane were added to the cells. This allowed cells to rebuild a mitotic spindle and exit mitosis without the decatenating activity of type II topoisomerases. After cells exited mitosis, all inhibitors were washed out to allow progression through the next cell cycle. Then these cells were collected in the subsequent mitosis and analyzed by rDNA FISH (Fig. 9 C) .
For this experiment, we used RPE1 cells stably expressing a shRNA against p53 (Potapova et al., 2016) , because cells with functional p53 arrest in the G1 stage of the cell cycle after prolonged mitotic arrest (Uetake and Sluder, 2010) . The karyotype of these p53-knockdown RPE1 cells is aneuploid with varying numbers of rDNA chromosomes, but the incidence of spontaneous rDNA linkages is not high. Most of the cells that exited mitosis in the presence of topoisomerase II inhibitors became tetraploid. Since these cells were aneuploid to start with, the total number of rDNA linkages in chromosomal spreads was not very informative. Yet importantly, rDNA displayed strikingly complex linkages, connecting together four or more chromosomes (Fig. 9 D) . Notably, there were no linkages observed between centromeres located on the same chromosomes, suggesting that rDNA resolution is more reliant on topoisomerase activity than centromeres. At least 10 spreads were examined from each of the three conditions: ICRF-193, dexrazoxane, or vehicle control. Complex or "super" linkages were observed only in drug-treated cells. We suggest that the super rDNA linkages represent persistent unresolved topological linkages plus new linkages that form during the subsequent cell cycle.
Transient overexpression of topoisomerase IIα tagged with GFP in RPE1 cells also led to an increase in rDNA linkages. Ectopically expressed GFP-topoisomerase IIα localized to spread from the CHON tetraploid-1 derivative, there were 19 rDNA chromosomes, 16 UBF + and 3 UBF − (boxes 1-3, magnified on the right). All rDNA linkages were formed between UBF-positive rDNA chromosomes. Bar, 10 µm. (D) Interphase nuclei from diploid CHON-002 (top) and tetraploid CHON tetraploid-1 (bottom) cells were labeled by immuno-FISH with rDNA probe (green), nucleolin antibody (red), and UBF antibody (magenta). Bar, 10 µm. In the parental CHON-002 cell nucleus, all rDNA was decompacted and associated with UBF and nucleolin. In the tetraploid derivative nucleus, compact rDNA loci were present (arrows) that were UBF negative and were not incorporated in nucleoli (magnified insets; bar, 1 µm).
interphase nuclei with a strong propensity for nucleoli (Fig. 10  A) . Mitotic chromosomal spreads collected from cells overexpressing GFP-topoisomerase IIα for 24 h showed more interchromosomal rDNA linkages than cells overexpressing GFP alone (Fig. 10, B and C) . This suggests that topoisomerase IIα may create rDNA intertwines in interphase, which manifest as rDNA linkages in mitosis, before being resolved in anaphase by the same enzyme. Thus, the topological Figure 8 . rDNA linkages resolve at the metaphase-to-anaphase transition. (A) Stills from time-lapse live imaging of the normal mitotic progression in an RPE1 cell expressing GFP-UBF. UBF is localized to rDNA loci that segregate in anaphase as individual dots without connections to oppositely segregating chromatids. The top panels show maximum-intensity projections of spinning disk confocal images of eGFP-UBF, and the bottom panels show maximumintensity projections of UBF overlaid with the best focal plane phase-contrast images of the cell. The top panels are magnified 1.5× with respect to the bottom panels. Bar, 10 µm. The complete video sequence is shown in Video 1. (B) A normal anaphase RPE1 cell was labeled by FISH with rDNA probe (green). rDNA loci segregate as individual dots. No rDNA-containing chromatin bridges were observed. Bar, 10 µm. (C) A chromatid spread was prepared from an anaphase RPE1 cell and labeled by FISH with rDNA probe (green) and CenB (red). rDNA loci form distinct individual spots that do not appear to be associated with other loci. Bar, 10 µm. Journal of Cell Biologyactivity of topoisomerase II is potentially responsible for both rDNA linkage formation in interphase and resolution during mitosis. To examine whether rDNA linkages exist in interphase, we induced premature DNA condensation and mitosis-like state in interphase RPE1 cells with the phosphatase inhibitor calyculin A (Stevens et al., 2010) . Calyculin A treatment of interphase cells induced chromatin condensation and nuclear envelope breakdown, permitting preparation of chromatin spreads from these cells and analysis of the number of condensed rDNA loci (Fig. 10 D) . If rDNA loci were not linked in interphase, the expected number of separated rDNA spots would be 9, since RPE1 cells have rDNA loci on 9 of 10 acrocentric chromosomes. However, the observed number of individual rDNA spots was fewer than nine. In parental RPE1 cells, six to eight rDNA spots were generally observed, while only three to seven spots were observed in the c-Myc-overexpressing line (Fig. 10 E) . The observation of fewer than nine separated spots indicates that some spots contain rDNA loci from more than one chromosome. In other words, these loci were linked in interphase before calyculin A-induced DNA condensation. The lower number of separated spots in c-Myc-overexpressing cells is consistent with the higher frequency of rDNA linkages observed in chromosome spreads.
Discussion
The existence of interchromosomal associations between short arms of acrocentric chromosomes was first noted by pioneering cytogenetics studies in the 1960s (Ferguson-Smith and Handmaker, 1961) , but their basis has never been explained. Superresolution imaging allowed us to unambiguously detect physical inter-and intrachromosomal DNA connections. Furthermore, we speculate that associations may represent catenation events that occur as a consequence of transcriptional activity and colocation of rDNA regions from heterologous chromosomes in the same nucleolus.
Interestingly, physical "linkers" in the form of thin, highly extensible filaments between chromosomes have been observed in classic microdissection experiments, where chromosomes were mechanically pulled out of live mitotic cells. It remains controversial whether these filaments consist of chromatin and/ or other structures, although they are sensitive to digestion by nucleases (Maniotis et al., 1997; Poirier and Marko, 2003; Marko, 2008) . The DNA sequences involved in these interchromosomal linkers are unknown, but our results suggest that rDNA could be a linker sequence.
We provide evidence that both the formation and resolution of rDNA linkages depend on topoisomerase II. If linkages constrain chromosome organization, they may represent a method for connecting the transcription of the rDNA, which is modulated by nutritional signals and major proliferative and stress pathways, to the large-scale organization of the genome. Given the ubiquitous reports of chromosomal associations in the literature, these linkages may be a pervasive governing feature of chromosome organization in many cell types. Transcription generates torsional stress that can entangle DNA by causing supercoiling ahead of and behind the transcription machinery. Type II topoisomerases manage DNA supercoiling during transcription by breaking and rejoining DNA strands (Pommier et al., 2016) . Since the relief of DNA supercoiling is important for supporting high levels of transcriptional activity at the rDNA, we speculate that topoisomerase activity may also entangle neighboring DNA strands, especially given the intermingling of rDNA from different chromosomes within the same nucleolus.
Our proposed model is that rDNA linkages are interchromosomal catenations that may be a consequence of intense transcription in a crowded nucleolar environment. DNA catenation of sister chromatids plays an important role in holding them together (Bauer et al., 2012; Sen et al., 2016) , and we speculate that rDNA linkages in interphase could be holding the nucleolus together. Type II topoisomerases may create rDNA linkages while in the process of relieving local torsional stress from transcription but then resolve linkages during the metaphase-to-anaphase transition (Fig. 10 F) . For this reason, interchromosomal rDNA linkages do not lead to chromosomal missegregation and do not normally cause genomic instability. In other words, these linkages are not pathological per se. However, short arms of the acrocentric chromosomes are the sites of chromosomal fusions in the formation of Robertsonian translocations, a frequent structural chromosomal rearrangement in humans (McKinlay Gardner et al., 2011) . We speculate that rDNA linkages and formation of Robertsonian translocations are related. First, unresolved linkages may cause a chromosome break, potentiating translocation. Second, the physical proximity afforded by the linkages may predispose acrocentric chromosomes to translocation by unrelated break events. Our findings suggest that transcriptionally active DNA loci form physical interchromosomal connections that can shape the genome organization.
Materials and methods

Cell culture
Isogenic HMECs 184DTERT, 184B5ME, 184AA3, 184p16sMY, and 184FMY2 (Stampfer and Bartley, 1985; Stampfer et al., 2001 Stampfer et al., , 2003 Garbe et al., 2014) were cultured for chromosomal spread shown. RPE1 cells stably expressing p53 shRNA were arrested in mitosis by colcemid for 10 h and collected by mitotic shake-off. Colcemid was removed, and 10 µM ICRF-193, 500 µM dexrazoxane, or control vehicle (DMSO) were added to the mitotic cells. Cells were allowed to rebuild the mitotic spindle, exit mitosis, and attach to the plates for 4 h. After this, topoisomerase inhibitors were washed out, and cells were allowed to progress through the cell cycle for another 14-15 h. Therefore, cells were treated with topoisomerase II inhibitors during mitotic exit only. Then, colcemid was added again for 10 h to collect cells in the next mitosis for chromosomal spreads. preparation in M87A medium (Garbe et al., 2009 ) supplemented with 0.1% AlbuMAX I (Invitrogen), 0.5 ng/ml cholera toxin (Sigma-Aldrich), and 0.1 nM oxytocin (Sigma-Aldrich). hTERT RPE1 and hTERT CHON-002 (ATCC) were grown at 37°C in 5% CO 2 in DMEM-F12 medium supplemented with 10% FBS. HFF-1s (ATCC) were grown in DMEM supplemented with 15% FBS. Human iPSCs DYS0100 (ATCC) were cultured on CellMatrix Gel-coated dishes without a feeder layer in Pluripotent Stem Cell SFM XF/FF medium as recommended by ATCC. LoVo cells (ATCC) were grown in F-12K medium supplemented with 10% FBS. NCI-H209 cells (ATCC) were cultured in RPMI 1640 supplemented with 10% FBS. Human-mouse somatic cell hybrid cell line GM15292 was obtained from the Coriell Institute and cultured in high-glucose DMEM with 2 mM GlutaMax (Thermo Fisher Scientific) and 10% FBS. Mouse V6.5 embryonic stem cells (Novus Biologicals) were grown in feeder-free conditions using N2B27+2i medium supplemented with 2,000 U/ml of leukemia inhibitory factor (Millipore), 3 µM CHIR99021 (Tocris), and 1 µM PD0325901 (SCT). Cells were grown on gelatinized tissue culture plates without a feeder layer. Chromosomal spreads from human male lymphocytes were obtained from Applied Genetics Laboratories. Proliferating tetraploid CHON-002 cells were generated from diploid hTERT CHON-002 cells (ATCC). Briefly, asynchronously growing cells were synchronized by double thymidine (2 mM) block followed by three cycles of 12-h incubation with 0.1 µg/ml of nocodazole. Mitotic shake-off was performed at the last nocodazole treatment to enrich for mitotic cells. 22 h after the last nocodazole treatment, single cells were sorted into 96-well plates and allowed to grow for 3-4 wk. DNA content analysis by FACS was performed to assess ploidy. Tetraploidy was confirmed by analyzing chromosome spreads.
Chromosome spreads, FISH, and immuno-FISH For chromosome spread preparation, cells were arrested in mitosis by the addition of KaryoMAX Colcemid solution (0.1 µg/ml; Life Technologies) for 4-8 h followed by harvesting using trypsin. Human HFF-1 cells and iPSCs were arrested in mitosis by incubation in 100 µM monastrol (Tocris Bioscience) and 10 µM ProTAME (BostonBiochem) because prolonged colcemid incubation was toxic to these cells. Trypsinized cells were collected by centrifugation for 5 min at 300 g and gently resuspended in a small amount of medium (∼1 ml). Resuspended cells were swelled for 7-10 min in 0.4% KCl solution at room temperature and prefixed by the addition of freshly prepared methanol:acetic acid (3:1) fixative solution (∼100 µl per 10 ml total volume). Prefixed cells were collected by centrifugation and fixed in methanol:acetic acid (3:1) fixative solution. Spreads were dropped on a glass slide or #1.5 glass coverslip and incubated at 65°C for ≥2 h. For anaphase spread preparation, cells were presynchronized with 10 µM RO-3306 (Tocris) overnight and released into the medium without the drug. 40-60 min after release, cells were collected by trypsinization and processed as above. Before hybridization, slides were treated with 1 mg/ml RNase A (1:100; Qiagen) in 2× SSC for ≥45 min at 37°C and dehydrated in a 70, 80, and 100% ethanol series for 2 min each. Slides were then denatured in 70% formamide/2× SSC solution preheated to 72°C for 1.5 min and immediately cooled to −20°C. Labeled DNA probes were denatured separately in hybridization buffer (Empire Genomics) by heating to 80°C for 10 min before applying to denatured slides.
For FISH in asynchronously growing cultures, cells were grown in chambered glass slides (Thermo Fisher Scientific) and fixed in 2% PFA in PBS (30 min). They were permeabilized with 0.5% saponin and 0.5% Triton X-100 for 30 min and treated with RNase as above. Then cells were pretreated with 0.1 N HCl for 15 min, washed in 2× SSC buffer, and preincubated in 50% formamide/2× SSC for ≥30 min before denaturation and hybridization. In this case, specimens and probes were denatured together for 7 min at 85°C.
Fluorescein-labeled probes for human rDNA (BAC clone RP11-450E20) and mouse rDNA (BAC clone RP23-225M6) were obtained from Empire Genomics. Cy-3-labeled probes for telomeres (TelC) and centromeres (CenB) were obtained from PNA Bio. Specimens were hybridized to the probe under a glass coverslip or HybriSlip hybridization cover (Grace Biolabs) sealed with rubber cement or Cytobond (SciGene) in a humidified chamber at 37°C for 48-72 h. After hybridization, slides were washed in 50% formamide/2× SSC three times for 5 min per wash at 45°C, then in 1× SSC solution at 45°C for 5 min twice and at room temperature once. Slides were then rinsed with double-deionized H 2 O, air dried, and mounted in Vectashield containing DAPI (Vector Laboratories).
For immuno-FISH, chromosome spreads fixed in methanol: acetic acid were used, and slides labeled by FISH were first subjected to antigen unmasking in hot (65°C) citrate buffer, pH 6.0, for 1 h before processing for immunofluorescence. PFAfixed slides did not require antigen unmasking. Slides were blocked with 5% boiled normal goat serum or BSA in PBS/0.5% **, P = 0.0002. (C) Representative confocal images of chromosome spreads from cells transiently transfected for with GFP-TopoIIα, GFP only (top), or TopoIIα (bottom). Spreads were labeled by FISH with rDNA probe (green) and CenB probe (red). Bar, 10 µm. Arrows point to rDNA linkages shown in magnified insets on the right; bar, 1 µm. (D) Chromatin spreads from interphase parental RPE1 cells (top) and cMyc-3 derivative (bottom) cells. Interphase cultures were treated with 100 nM calyculin A for 90 min to induce premature chromatin condensation and labeled by FISH with rDNA probe (green) and CenB probe (red). Asterisks denote individual separated rDNA spots. Bar, 10 µm. (E) Quantification of the number of separated rDNA spots in 100 nM calyculin A-treated interphase cells (D) labeled by FISH with rDNA probe. High-resolution confocal images of ≥10 condensed chromatin spreads were examined. The Mann-Whitney U test was used to compare c-Myc-overexpressing samples with parental RPE1. **, P < 0.001. (F) Working model for how interchromosomal rDNA linkages are generated and resolved. Inter-and intrachromosomal rDNA catenations may form due to the intertwining of transcriptionally active DNA from different chromosomes in the crowded nucleolar environment. Formation of rDNA linkages depends on UBF, and boosting rDNA transcription by overexpressing c-Myc increases the frequency of rDNA linkages. Silent (UBF − ) loci are not incorporated in nucleoli and do not form linkages. Topoisomerase II generates more catenations by trying to correct the local topology in the interphase nucleus but then resolves these catenations during the metaphase-anaphase transition. Therefore, transcription-dependent formation of rDNA linkages does not lead to chromosomal missegregation and genomic instability under normal conditions. Triton X-100. Primary and secondary antibodies were diluted in 2.5% (wt/vol) BSA/PBS/0.5% Triton X-100. Specimens were incubated with primary antibody at a minimum overnight, washed three times for 5 min, incubated with secondary antibody also overnight, and washed again three times for 5 min. All washes were performed with PBS/0.5% Triton X-100. Vectashield containing DAPI was used for mounting. Confocal images were acquired using a LSM710 confocal microscope (Zeiss) with a 63×/1.40-NA oil objective. At least 10 cells were imaged for each condition. Data were visualized and analyzed using Fiji (National Institutes of Health). To quantify the fraction of rDNA overlapping with nucleolin in the mouse-human hybrid cell line, nucleolar segmentation was performed by Otsu thresholding of maximum-intensity projections of the nucleolin channel after background subtraction with a radius of 50 pixels and blurring with an SD of 4 pixels. Objects <1 µm 2 were eliminated. Maximum-intensity projections of mouse and human rDNA channels were also segmented by thresholding, and binary masks of each channel were generated. The area of overlap between mouse rDNA and nucleolin masks, and between human rDNA and nucleolin masks, was determined using the AND operation in ImageJ.
SIM and quality control SIM images were acquired on an Applied Precision OMX Blaze microscope (GE Healthcare) equipped with three PCO Edge sCMOS cameras, each dedicated to one specific channel. An Olympus 60× 1.42-NA Plan Apo N oil objective was used. SIM reconstruction was performed with the Applied Precision SoftWoRx software package (GE Healthcare) following the Applied Precision protocols. Color alignment of XY direction was performed using the color alignment slide provided by GE Healthcare. SIM images were reconstructed using SoftWoRx software (GE Healthcare) with a Wiener filter of 0.001. Immersion oils with a refractive index of 1.512-1.516 were chosen to optimize SIM image quality. The refractive index value was calculated and determined using the lens information tool in SoftWoRx 6.5.2 (GE Healthcare). To obtain corresponding wide-field images, the light path was set to conventional illumination settings. The SIMcheck analysis was performed as described in Ball et al. (2015) .
Pearson colocalization measurements were performed similarly to the analysis described in Slaughter et al. (2013) . Briefly, line profiles were drawn repeatedly through the rDNA regions and averaged over a 3-pixel width to reduce noise but not average out heterogeneity. The resulting profiles were subjected to Pearson correlation analysis and then repeatedly shifted relative to one another to create a spatial correlation profile. Multiple rDNA loci were averaged together to obtain average Pearson profiles. Custom ImageJ plugins for this analysis can be downloaded from http://research.stowers.org/imagejplugins/.
STED microscopy STED images were acquired with a 100×, 1.4-NA oil objective on a Leica SP8 Gated STED microscope. Carboxytetramethyl rhodamine-labeled rDNA was excited with a pulsed white light (80 MHz) tuned to 594 nm and depleted with 660-nm continuous laser at 80-90% maximum power. All images were acquired in 2D mode to maximize lateral resolution, and each image was averaged eight times in line average mode. The emission photons were collected with internal Leica HyD hybrid detector with a time gate of 0.6-6 ns. Raw STED images were deconvolved with Huygens professional deconvolute software (version 14.10; Scientific Volume Imaging). A theoretical estimated point spread function was calculated from the raw STED image. During deconvolution, all parameters were set by default, but the background was set to the value measured from raw data, and the signal-to-noise was set in the range of 12-15 depending on the intensity of the signal.
Live-cell imaging
For live-cell imaging, cells were grown on 35-mm ibiTreat µ-dishes (Ibidi). Time-lapse Z-stack images were captured on a Nikon TiE microscope equipped with a 60× phase-contrast objective, 1.4-NA, Perfect Focus mechanism, Yokogawa CSU-W1 spinning disk, and Flash 4.0 sCMOS camera. Cells were imaged in the regular growth medium; 37°C and 5% CO 2 was maintained using an environmental control chamber (Okolab). 10 µM ICRF-193 (Santa Cruz Biotechnology) and 500 µM dexrazoxane (TCI America) were added shortly before initiation of imaging. Images were acquired with NIS Elements software. Image processing (maximum-intensity projection, background subtraction, and stack combining) was done in Fiji.
5-EU labeling
For 5-EU incorporation assays, cells were typically seeded in multiwell black optically clear-bottom tissue culture-treated plates (Perkin Elmer) and treated with 1 mM 5-EU (Thermo Fisher Scientific) for 3 h. Cells were fixed in 4% PFA/PBS for 15 min and permeabilized with 0.5% Triton X-100. Fixed cells were washed with PBS and stained with 1 µM Alexa Fluor 555-conjugated azide diluted in PBS containing 2 mM CuSO 4 and 50 mM ascorbic acid. To counterstain the DNA, Hoechst 33342 (Sigma-Aldrich) was added to 2 µg/ml. Cells were incubated for several hours or overnight at room temperature protected from the light and evaporation, then washed three times with PBS. 5-EU-labeled RNA fluorescence was quantified by high-throughput imaging using Celigo Imaging Cytometer (Nexcelom Bioscience). Four fields of view containing thousands of cells were analyzed to determine mean parameters and SD.
Plasmid and siRNA transfections A plasmid encoding the wild-type human UBF gene tagged with eGFP (pEGFP-C1-UBF) was obtained from Addgene (Chen and Huang, 2001 ; plasmid 26672; Addgene). The plasmid encoding GFP only was the pAcGFP1-N1 vector from Clontech. The plasmid encoding wild-type human topoisomerase IIα tagged with GFP was supplied courtesy of G.J. Gorbsky, Oklahoma Medical Research Foundation, Oklahoma City, OK (Daum et al., 2009 ). For generating a stable cell line overexpressing eGFP-UBF, RPE1 cells were transfected using X-tremeGENE 9 DNA Transfection Reagent (Roche) according to the manufacturer's directions. Transfected cells were selected with 1 mg/ml G418 (A.G. Scientific). For generating RPE1 cells stably overexpressing human c-Myc, cells were seeded at low confluence and transduced with premade lentiviral particles containing the c-Myc gene (product FCT019; Kerafast) in the presence of 10 µg/ml polybrene (EMD Millipore). Single-cell colonies were selected with 10 µg/ml puromycin (InvivoGen) and isolated using Scienceware polystyrene cloning cylinders (Sigma-Aldrich). For generating RPE1 cells stably expressing p53 shRNA, cells were transduced with premade lentiviral particles (V3LHS_333920; GE Healthcare) in the presence of 10 µg/ml polybrene.
For siRNA-mediated knockdowns, RPE1 cells were transfected with siRNA using Lipofectamine RNAiMAX (Thermo Fisher Scientific) according to the manufacturer's directions. siRNAs targeting the indicated genes were obtained from GE Healthcare. siRNA sequences used in this article are listed in Table S3 .
DNA sequencing (DNA-seq) library preparation, sequencing, and analysis DNA isolation was performed using the Maxwell 16 Cell DNA kit on a Maxwell 16 Research Instrument (Promega). DNA-seq libraries were generated from 100 ng of genomic DNA, which was sonicated to 350 bp using the Covaris 220 instrument. Libraries were prepared using the Sciclone G3 NGS Workstation from Perkin Elmer, the KAPA HTP Library Preparation Kit (KK8234), and the NextFLEX Bioo Scientific DNA Barcodes kit (NOVA-514104) and were purified using the Agencourt AMPure XP system (A63882; Beckman Coulter). Quality control was completed using the Agilent 2100 Bioanalyzer and the Invitrogen Qubit 2.0 Fluorometer. Libraries were requantified, normalized, pooled, and sequenced on an Illumina HiSeq 2500 instrument as a RapidSeq 100-bp paired read run using HiSeq Control Software (v2.2.58). After sequencing, Illumina Real Time Analysis version 1.18.64 was run to demultiplex reads and generate FASTQ files.
The human consensus 45S rDNA sequences were obtained from the National Center for Biotechnology Information (NCBI accession no. U13369). Raw FASTQ whole-genome DNA-seq reads were mapped to the 45S locus and a set of 16,022 preselected putative single-copy exons (the largest from each gene) using Bowtie2 v2.1.0 with default parameters. Only concordant read pairs were kept in the downstream analysis. The rDNA copy number of r45S was calculated as the mean coverage for the locus. To make samples comparable to each other, the rDNA copy number was further normalized to the background genome coverage, which is calculated as the median coverage of the single-copy exons (Gibbons et al., 2015; Xu et al., 2017a) . The chromosomal coverage was calculated as the median coverage of each chromosome and was further normalized to the median of all chromosomal coverage within a sample. Each cell line was sequenced once.
Real-time qPCR RNA isolation was performed using Maxwell 16 LEV simplyRNA Tissue kit on a Maxwell 16 Research Instrument (Promega). Reverse-transcription reactions were performed using 2,000 ng of each RNA template using SuperScript VILO Master Mix (Thermo Fisher Scientific). Reactions containing cDNA were diluted in PerfeCTa SYBR Green FastMix with Low ROX (Quanta Biosciences) and cycled on the QuantStudio 7 Flex Real-Time PCR System (Applied Biosystems). cDNA samples from three biological replicates were measured for each cell line, and each sample was measured in three technical replicates. GAPDH was used as a normalization control. Expression of pre-rRNA was determined by an average fold change of three primer sets to the 59ETS. Each primer pair was confirmed for linearity of amplification by analyzing standard curves. Ct values were analyzed using the 2 −ΔΔCT method (Livak and Schmittgen, 2001) . Ct values of parental control cell lines were averaged, and the results are presented relative to the control average Ct values. Error bars denote SD. Primers used in this study are listed in Table S3 .
Flow cytometry for DNA content measurements For DNA content analysis, cells were trypsinized, fixed in 70% ethanol, and stained with FxCycle PI/RNase Staining Solution (Thermo Fisher Scientific) according to the manufacturer's directions. Data from labeled cells were collected on the MACSQuant flow cytometer (Miltenyi Biotec) and analyzed using FlowJo software.
Immunofluorescence and high-throughput nucleolar measurements For nucleolin and Ki67 immunofluorescence, cells were fixed in 4% PFA/PBS for 15 min and permeabilized with 0.5% Triton X-100. Blocking was done with 5% boiled normal goat serum or 5% BSA in PBS/0.5% Triton X-100. Primary and secondary antibodies were diluted in 2.5% BSA/PBS/0.5% Triton X-100. Specimens were incubated with primary antibodies overnight, washed three times for 5-10 min, and incubated with fluorescence-conjugated secondary antibodies for 2-4 h. All washes were performed with PBS/0.5% Triton X-100. DNA was counterstained with DAPI or Hoechst 33342 (Thermo Fisher Scientific).
Z-stack tiled images were acquired on the Nikon TiE microscope with a Yokogawa CSU W1 spinning disk and Hamamatsu Flash 4.0 camera. Maximum-intensity projections of Z-stacks were generated. The nuclear (DAPI) channel was segmented to find individual nuclei. The Ki67 signal was quantified by measuring average fluorescent intensity per nucleus. Three tiled images containing multiple cells were analyzed per cell line. Nucleolin was used to perform nucleolar area and count measurements. These measurements were performed using a multistep strategy with custom Fiji plugins available at http:// research.stowers.org/imagejplugins as follows. First, the DAPI images were Gaussian blurred with a SD of 12 pixels. Next, a rolling ball was subtracted with a radius of 200 pixels. To normalize the intensities of neighboring nuclei, the DAPI image was divided by a 200-pixel SD Gaussian-blurred version of itself excluding blurred pixels less than one. Finally, DAPI objects were thresholded at an intensity of 15% of the maximum processed nuclear intensity for each image. Nuclei on the image border and nuclei with areas <5,000 pixels and >18,000 pixels were eliminated. Next, holes inside nuclei were filled to obtain the final nuclear masks. Circularity is defined as 4 × π × area/ (perimeter2), which has a value of 1 for a perfect circle and 0 for any structure with zero area. To avoid partially segmented nuclei, objects with a circularity <0.8 were eliminated from further analysis. Nucleoli were segmented using a slightly different strategy. First, the nucleolar channel was Gaussian blurred with a SD of 2 pixels, after which a rolling ball background with a radius of 15 pixels was subtracted. Next, the nucleolar image was divided by a Gaussian-blurred version of itself with a blur SD of 30 pixels. Next, the nucleoli in each nucleus were thresholded at an intensity of 20% of the maximum processed intensity in each nucleus. Finally, nucleoli <4 pixels in area were eliminated. Once nucleoli were segmented, a table was generated with entries for each nucleolus, listing nuclear ID and nuclear and nucleolar statistics. Averages were calculated over nuclei and then over the entire image with SEM calculated over the entire image. Three tiled images containing multiple cells were analyzed to determine mean parameters and SD.
Western blotting Cells were collected by spinning down trypsinized cultures at ∼200 g for 5 min at 4°C; trypsin was neutralized by addition of FBS before centrifugation. Cell pellets were washed with icecold PBS and lysed in ice-cold radioimmunoprecipitation assay buffer supplemented with Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific) for 30 min. Lysates were cleared by centrifugation at 16,000 g for 10 min at 4°C and boiled in NuPAGE protein sample buffer (Thermo Fisher Scientific) containing 5% 2-mercaptoethanol (Sigma-Aldrich). Protein samples were separated by SDS-PAGE in 4-12% Bis-Tris gels (Thermo Fisher Scientific), transferred to polyvinylidene difluoride membrane, blocked in SuperBlock (TBS) Blocking Buffer (Thermo Fisher Scientific), and washed with TBST. Primary antibodies were detected using HRP-conjugated secondary antibodies and developed using the ECL 2 (Pierce) or WesternBright (Advansta) detection kit. Chemiluminescence was detected using G:Box Chemi XT4 (Syngene).
Antibodies
Antibodies used in this study are as follows: UBF (F-9) mouse monoclonal antibody used for immuno-FISH (sc-13125; Santa Cruz Biotechnology), UBF (M01) mouse monoclonal antibody used for immunofluorescence and Western blotting (clone 6B6; Abnova), c-Myc rabbit polyclonal antibody (5605; Cell Signaling Technology), nucleolin rabbit polyclonal antibody (ab70493; Abcam), GAPDH (D16H11) rabbit mAb (5174; Cell Signaling Technology), RAD21 (D213) antibody (4321; Cell Signaling Technology), β-Actin (8H10D10) mouse mAb (3700; Cell Signaling Technology), Ki-67 (8D5) mouse mAb (9449; Cell Signaling Technology), and α-tubulin antibody (ab15246; 1:500; Abcam). Secondary antibodies for immunofluorescence (Alexa Fluor 488 and 594 conjugates) were obtained from Life Technologies and used at 1:500 dilution. Secondary HRP-conjugated antibodies for Western blotting were from Cell Signaling Technology and typically used at 1:5,000 dilution.
Data availability
Original data underlying this article can be accessed from the Stowers Original Data Repository at https://www.stowers.org/ research/publications/libpb-1430.
Online supplemental material
Figs. S1-S5 show validation of rDNA linkages by SIM and STED super-resolution microscopy, telomere and rDNA FISH, chromosomal spreads treated with RNAse, rDNA linkages between mouse chromosomes, cytogenetic and genomic characterizations of c-Myc overexpressing RPE1 clonal derivatives, UBF negative rDNA loci in CHON tetraploid-2, rDNA linkages in Rad21 knockdown, and lack of rDNA linkage resolution in cells treated with Dexrazoxane. Videos 1-3 show mitosis in RPE1 cells expressing eGFP-UBF: untreated cells and cells treated with Topoisomerase inhibitors ICRF-193 or Dexrazoxane. Tables S1-S3 show a summary of chromosomal spread data from mouse-human hybrid cell line GM15292 and diploid CHON-002 cell line and its tetraploid derivatives, CHON tetraploid 1 and CHON tetraploid 2.
